We previously reported that the time-dependent relative changes of transepithelial electrical resistance (TEER) after exposing four different chemicals to a human corneal epithelium (HCE) model were well correlated to the potential of ocular irritancy. Meanwhile, we recently developed a collagen vitrigel membrane (CVM) chamber possessing a scaffold composed of high-density collagen fibrils equivalent to connective tissues in vivo as a three-dimensional culture tool. The CVM chamber is useful for biomedical assays and immunohistology using cryosections that are inappropriate to be performed using the conventional Millicell chamber with a polyethylene terephthalate membrane. In this study, we aimed to develop a new eye irritancy test (EIT) method called "Vitrigel-EIT method" that can facilitate to briefly and accurately estimate the widespread irritancy of test chemicals by applying the TEER assay system to a HCE model fabricated in the CVM chamber. HCE-T cells (a HCE-derived cell strain) were cultured in the CVM chamber for 6 days, and consequently, the Vitrigel-HCE model possessing the following characteristics of HCE in vivo was formed: six cell layers with specific protein expressions and their barrier function. Timedependent profiles of TEER values after exposing 30 test chemicals to the HCE model were converted into the scores of three indexes (time lag, intensity, and plateau level), and each chemical was successfully classified into irritant or nonirritant category by utilizing the criteria for the indexes, resulting in the excellent correlation with Globally Harmonized System of Classification and Labelling of Chemicals (GHS) classification (sensitivity: 100%, specificity: 75%, accuracy: 90%). These data suggest that the widespread eye irritancy of chemicals can be predicted without false negatives by the Vitrigel-EIT method. Interestingly, the disruption of tight junctions was immunohistologically observed after exposing not only irritants but also three compounds classified as nonirritant by GHS but found positive in our Vitrigel-EIT method confirming a possible mild irritant property.
The prediction of eye irritation following chemical exposure is required for the development of not only cosmetics and consumer products but also drugs. Test methods in vivo, ex vivo, and in vitro have been developed to predict eye irritation. Concerning eye irritation tests in vivo, rabbits have been mainly utilized for evaluating cosmetic ingredients (Draize et al., 1944; OECD, 2002) and pharmaceutical agents (Uematsu et al., 2007) . Regarding those ex vivo, excised bovine corneas and chicken eyes successfully contributed to the establishment of Organisation for Economic Co-operation and Development (OECD) Test Guidelines as bovine corneal opacity permeability test (OECD, 2009a) and isolated chicken eye (ICE) test (OECD, 2009b) , respectively. Also, concerning those in vitro, various kinds of two-and three-dimensional cell culture systems have been proposed. Short-Time Exposure (STE) test using a monolayer culture system of statens serum institut rabbit cornea cells has been under the peer review process aiming for an OECD Test Guideline Takahashi et al., 2011) . Three-dimensional culture systems that can directly expose water-insoluble chemicals have been reconstructed utilizing primary or immortalized human corneal epithelial cells (Cotovio et al., 2010; Jung et al., 2011) , and the reconstructed human corneal epithelial SkinEthic HCE model is currently under validation process aiming for an OECD Test Guideline (Cotovio et al., 2010) . However, the above previous test methods in vivo, ex vivo, and in vitro have issues to be overcome. For instance, in vivo testings are not only discouraged due to ethical reasons and the need to reduce number of experimental animals but also inappropriate for extrapolating toxicity in human due to species differences between human beings and rabbits (Hornof et al., 2005) . Also, the tests ex vivo have the limitations of cross-species variation and require a complicated process for rejecting unacceptable corneas from freshly isolated animal eyes as byproducts from the slaughterhouse. Meanwhile, in vitro testings have issues such as that the STE test is merely acceptable for soluble test chemicals and that the cell viability assay using SkinEthic HCE models consumes much time. Further, the tests in every condition are not suitable for analyzing mild and nonirritant chemicals contained in cosmetics and ophthalmic drugs, and consequently such chemicals often show false negative findings (Cotovio et al., 2010; Takahashi et al., 2011) . Therefore, it is still a requirement for developing eye irritation tests in vitro that can satisfy the following two criteria: one is that the tests can be done utilizing an acceptable human corneal epithelium (HCE) model reconstructed in a uniform mass production system and the other is that the tests can precisely estimate the mild irritancy especially distinguished from nonirritancy. In near future, it is also expected that immunohistological analyses utilizing the HCE model would be a powerful tool to estimate the changes of both wound size and failure-related molecules such as MUC1 (Song and Joo, 2004) , ZO-1 (Yi et al., 2000) , and occludin (Pauly et al., 2009 ) after exposing eye irritant chemicals.
A collagen vitrigel membrane (CVM) we previously developed is composed of high-density collagen fibrils equivalent to connective tissues in vivo and is easily handled with tweezers. Also, it possesses excellent transparency and permeability of protein with high molecular weight and consequently the various studies utilizing it as a cell culture scaffold advances so well (Takezawa et al., 2004 (Takezawa et al., , 2007a . We established a preparation method of a corneal epithelium model in an air-liquid interface culture system that facilitates the induction of multiple layers of rabbit corneal epithelial cells on the CVM scaffold (Takezawa et al., 2008) . To overcome species differences between human and rabbit in sensitivity to exogenous chemicals, we developed a HCE model by three dimensionally culturing HCE-T cells, a cell strain derived from HCE (Araki-Sasaki et al., 1995) , on the CVM scaffold. Here, the scaffold was fabricated on a polyethylene terephthalate (PET) membrane of a Millicell chamber appropriate for the transepithelial electrical resistance (TEER) assay of epithelial cells. The reason why we utilized the TEER assay is that the TEER is known to continuously reduce its value immediately after exposing benzalkonium chloride to rabbit cornea in vivo (Uematsu et al., 2007) . Therefore, we examined four chemicals using the HCE model and consequently demonstrated that the time-dependent relative changes of TEER are useful indicators to assess ocular irritancy effects of chemicals even in the middle category (Takezawa et al., 2011b) . However, this model is inappropriate for immunohistological analyses due to difficulty in preparing its frozen sections including the PET membrane. To overcome this inconvenience, we recently developed a novel chamber merely accompanying a CVM without the PET membrane and established its mass production process (Takezawa et al., 2011a) .
In this study, we aimed to reconstruct a HCE model in the CVM chamber and subsequently develop an eye irritancy test (EIT) that we called "Vitrigel-Eye Irritancy Test," in response to a demand for its mass production sufficient for validation studies. Especially, we focused on the establishment of a new test method to extrapolate the widespread eye irritancy by analyzing the time-dependent profile of TEER after exposing 30 chemicals and subsequently evaluated the correspondence with Globally Harmonized System of Classification and Labelling of Chemicals (GHS) classifications. Also, we aimed to immunohistologically evaluate some characteristic patterns of in vivo HCE using antibodies for the tight junction-related proteins ZO-1, occludin, the gap-junction Connexin-43, the corneaspecific cytokeratin 3, and the epithelial cell mucin MUC1 in our HCE models. Furthermore, ZO-1 expression was analyzed after exposing irritant chemicals to the HCE models. 
MaTERIaLS and METHodS

Antibodies
HCE-T cell culture.
A SV40-immortalized human corneal epithelial cell strain (HCE-T cells: RCB no. 2280) was obtained from RIKEN BioResource Center (Tsukuba, Japan) (Yamasaki et al., 2009) . The cells were maintained in a following culture medium: a 1:1 mixture of Dulbecco's Modified Eagle Medium and Nutrient Mixture F-12 supplemented with 5% heat-inactivated fetal bovine serum, 5 μg/ml recombinant human insulin, 10 ng/ml recombinant human epidermal growth factor, 0.5% dimethyl sulfoxide, 100 units/ml penicillin, and 100μg/ml streptomycin. Cells were grown at 37°C in a humidified atmosphere of 5% CO 2 in air.
Preparation of CVM chambers.
A collagen xerogel membrane defined as a dried CVM without free water was prepared by merely revitrifing a CVM on a separable sheet as previously reported (Takezawa et al., 2011a (Takezawa et al., , 2012 . The collagen xerogel membrane was pasted onto the bottom-side edge of a plastic cylinder with an inner-outer diameter of 11-13 mm and a length of 15 mm, and a couple of hangers was connected onto the top-side edge of it, resulting in the fabrication of a collagen xerogel membrane chamber that can easily convert into a CVM chamber by rehydration as previously reported (Takezawa et al., 2011a) . Here, the collagen xerogel membrane chamber was set in a well of a 12-well plate, and the collagen xerogel membrane was immersed in the above culture medium by pouring 1.5 ml outside and 0.5 ml inside the chamber in the well for 10 min to convert the xerogel into a vitrigel immediately before use.
Reconstruction of a HCE model. A culture medium outside the chamber in a well of a 12-well plate was changed to 1.5 ml of the fresh medium. The medium inside the chamber was removed, and 0.5 ml of a cell suspension in a culture medium at a density of 1.2 × 10 5 cells/ml was poured onto the CVM of the chamber and cultured for 2 days at 37°C. Subsequently, the medium inside the chamber was removed, and the cells were cultured for 4 days under the air-liquid interface to fabricate a HCE model. The medium outside the chamber was changed every day during the culture period on the air-liquid interface. To confirm the morphology and three-dimensional growth of cells, the corneal model in the reconstruction process was observed by a phase contrast microscope (TE300; Nikon, Tokyo, Japan).
Histology and immunohistology of HCE models in the reconstruction process and those after exposing test chemicals. The HCE models in the reconstruction process and those after exposing test chemicals were isolated from the plastic cylinder of the chamber and fixed for 5 min in methanol kept 348 VITRIGEL-EIT METHOD USING HCE-T CELLS on ice immediately after sufficiently chilling it at −45°C. Then, they were embedded in an O.C.T. Compound after removing the excessive methanol around them with an absorbent paper towel, frozen in liquid nitrogen, and stored at −80°C. The samples were vertically cut into cross-sections with a thickness of 5 μm against the CVM using a cryostat (CM3050S; Leica Microsystems, Wetzlar, Germany). The frozen sections spread on a glass-slide were dried out for 60 min at room temperature and subjected to both histology and immunohistology.
For histology, the sections were immersed in water for 5 min to remove the O.C.T. Compound, stained with hematoxylin and eosin (HE), and observed by a light microscope (E600; Nikon, Tokyo, Japan). For immunohistology, the frozen sections were immersed in PBS for 5 min to remove the O.C.T. Compound and incubated with PBS containing 1% normal goat serum for 30 min to block nonspecific adsorption of antibodies. Then, the first antibodies against ZO-1, occludin, connexin-43, cytokeratin 3, or MUC1 in PBS containing 1% normal goat serum were applied and incubated for 16 h, followed by washing them with PBS thrice. Alexa fluor 555-or FITC-conjugated secondary antibodies were applied and incubated for 3 h, followed by washing them with PBS thrice. Subsequently, cell nuclei were counterstained with Hoechst33342. Sections were observed by a laser scanning confocal microscope (FV1000; Olympus, Tokyo, Japan).
Furthermore, to clarify the histological and immunohistological damage of HCE models after exposing test chemicals, we selected glycerol, toluene, and n-hexanol as test chemicals that were classified into "Not classified (NC)" and "an eye irritant Category 2A (2A)" by GHS and were scored "1.7," "9.0," and "64.8" by Draize test, respectively. The HCE models were exposed to glycerol, toluene, or n-hexanol for 3 min and were then immediately rinsed with a culture medium to remove the test chemicals. Then, these models were subjected to both HE staining for estimating the histological damage from whole image and immunohistological staining using an anti ZO-1 antibody for estimating the disruption of tight junctions related to the changes of TEER values.
Calculation of TEER values in the process of reconstructing a HCE
model. Each HCE model in a CVM chamber during its reconstruction process as a sample, a CVM chamber as a negative control, and the chamber completely removing the CVM as a blank were subjected to the measurement of electrical resistance (R sample , R negative control , and R blank , respectively) by Millicell-ERS (Millipore, Billerica, MA) as follows. The shorter and longer tips of electrode of Millicell-ERS were vertically set in the inside and outside of the chamber, respectively. Here, the longer tip was led to a surface contact of the well. TEER value was calculated using the following formula from three independent experiments:
TEER of each sample = (R sample − R blank ) × effective surface area (1.0 cm 2 ) TEER of the negative control = (R negative control − R blank ) × effective surface area (1.0 cm
2 ) The values of R sample at 2 and 48 h after seeding the HCE-T cells were directly measured as culture period on day 0 and 2, respectively. Also, those on day 3, 4, 5, and 6 were measured after adding 500 μl of culture medium inside the chamber.
Exposure experiment of test chemicals using a HCE model and calculation of TEER values.
A total of 30 test chemicals were selected according to the GHS classification for eye irritation (United Nations, 2009). The detail information on the test chemicals is shown in Table 2 . Every test chemical solution was prepared in a culture medium at a concentration of 2.5 (wt/vol)% appropriate for measuring TEER values without influence by the test chemicaldependent electrical resistance. Here, insoluble or immiscible chemicals in the medium were well suspended immediately before use.
The HCE models on day 6 were subjected to the exposure experiment of test chemicals. At first, 500 μl of culture medium was poured in the chamber, and the value of R sample before exposing chemicals was measured to obtain the initial TEER value of each model. Next, the medium inside the chamber was changed to 500 μl of test chemical solution, and the periodical values of R sample were measured by manually reading the display of Millicell-ERS at intervals of 10 s for 3 min after exposing each test solution. The time-dependent profile of TEER values (dP/dT) was analyzed by three indexes, time lag (t 1 ), intensity (−[P 2 − P 1 ]/[t 2 − t 1 ]), and plateau level (100 − P 2 ). Here, the time lag (t 1 ) was defined as the maximum time for maintaining the profile under the following condition: 0 ≥ dP/dT > −0.03%/s. The starting time of plateau level (t 2 ) after keeping the profile under the condition (dP/dT ≤ −0.03%/s) for an appropriate period was defined as the initial time for inducing the profile under the following condition: 0 ≥ dP (P 3 − P 2 )/dT (t 3 − t 2 ) > −0.03%/s. The time (t 3 ) is represented in the equation (t 3 = t 2 + 30 s) because plateau level was evaluated by the profile for 30 s. The P 1 , P 2 , and P 3 are the percentage against the initial TEER value at t 1 , t 2 , and t 3 after exposing each test chemical, respectively. The above outline for analyzing a time-dependent profile of TEER after exposing a model test chemical is schematically illustrated in Figure 1 .
Judgment criteria of eye irritant potential. The eye irritant potential of test chemicals was classified into two categories, "irritant (I)" and "nonirritant (NI)," according to the criteria for three indexes, time lag, intensity, and plateau level. Here, the criteria for each index were decided as shown in Table 1 , utilizing the concept for receiver operating characteristic (ROC) curves (Akobeng, 2007) . In general, the specific points that are closest to both 1.0 in the "sensitivity" and 0.0 in "1-specificity" on the ROC curve result in the best correlation with GHS classification. ROC curves of indexes for time lag, intensity, and plateau level are shown in Supplementary figure 1, and the cutoff point for each index was chosen as the specific point that was the farthest from inducing the false-negative results. Regarding the criterion for time lag, we determined its cutoff point as 180 s to detect very mild irritancy although its optimum values revealed 80-110 s in the ROC curves. The final judgment for each test chemical is "I" in case that at least one index represents irritancy and is "NI" in the other cases. Subsequently, the correlation with GHS classification of 30 test chemicals was estimated by calculating sensitivity, specificity, and accuracy.
FIG. 1.
Schematic illustration for analyzing a time-dependent profile of TEER after exposing a model test chemical. Here, the times (t 1 ) and (t 2 ) represent time lag and starting time of plateau level, respectively. The time (t 3 ) is defined as the equation (t 3 = t 2 + 30 s). The percentages (P 1 ), (P 2 ), and (P 3 ) are the percentile against the initial TEER value at times (t 1 ), (t 2 ), and (t 3 ), respectively. Note. The detailed procedure for calculating indexes was described in Materials and Methods section.
RESULTS
Morphology, Histology, and Immunohistology of HCE Models in the Reconstruction Process
HCE-T cells seeded in a CVM chamber attached well and proliferated to a confluent stage consisting of epithelial-like cells showing cobblestone shapes in a monolayer on day 2 ( Figs. 2A and D) . The cells cultured in the air-liquid interface after day 2 increased in horizontal cell density and gradually formed an almost uniform pileup of 2 to 3 layers at day 4 (Figs. 2B and E ). The HCE model was fully reconstructed on day 6, possessing about six layers of HCE-T cells (Fig. 2F) , with the uppermost layer covered with squamous epithelial-like cells showing polygonal shapes and the other layers mostly composed of ellipsoidal cells (Figs. 2C and F) .
Moreover, the HCE model reconstructed for 6 days in the CVM chamber has tissue-specific characteristics as follows. ZO-1 and occludin that are tight junction-associated proteins were abundantly expressed in the lateral and basal surfaces of cells in the superficial layer in comparison to the other layers (Figs. 3A and B) . Connexin-43 consisting gap junctions and cytokeratin 3 that is a type II cytokeratin in corneal epithelium were expressed in the membrane and cytoplasm of cells in all layers, respectively (Figs. 3C and D) . MUC1 that is a cell membrane-spanning mucin was merely expressed in the apical surface of cells in the superficial layer (Fig. 3E) .
FIG. 2.
Microscopic observations of HCE models in the reconstruction process. HCE-T cells seeded in a CVM chamber were cultured for 2 days to form a confluent monolayer and additionally cultured for 4 days on the air-liquid interface to induce differentiated cells in multilayers. Corneal epithelium models cultured for 2 days (A and D), 4 days (B and E), and 6 days (C and F) were observed with a phase-contrast microscope (A-C) after focusing their uppermost layer, and their cross-sections stained with hematoxylin and eosin were observed with a light microscope (D-F). Scale bars represent 50 μm.
FIG. 3.
Immunohistological observations of HCE models. Cryosections of corneal epithelium models cultured for 6 days in a CVM chamber were subjected to immunohistological characterization using antibodies for ZO-1 (A), occludin (B), connexin-43 (C), cytokeratin 3 (D), and MUC1 (E). Nuclei of cells were counterstained with Hoechst 33342. Scale bar represents 50 μm.
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VITRIGEL-EIT METHOD USING HCE-T CELLS
These data demonstrated that the model reconstructed for 6 days in the CVM chamber resembled HCE in vivo and was deemed to be suitable for evaluation using test chemicals.
Barrier Function of HCE Models in the Reconstruction Process
The electrical resistances of a chamber without the CVM as a blank (R blank ) and a CVM chamber as a negative control (R negative control ) were both 60 ± 0.6 Ω. Also, the TEER of the negative control was 0.7 ± 0.6 Ω⋅cm 2 from the calculation using the value of (R negative control − R blank ) for each chamber of three independent experiments, resulting in the mass production of CVM chambers with high quality. On the other hand, the TEER of HCE models represented almost no changes in an initial submerged culture for 2 days, gradually increased in an early stage of the air-liquid interface culture, and subsequently reached the level of 57 ± 3.5 Ω⋅cm 2 on day 6 (Fig. 4) .
Time-Dependent Profiles of TEER After Exposing Chemicals to HCE Models
The periodical TEER values were calculated at intervals of 10 s for 3 min after exposing each of 30 test chemical solutions to HCE models, and the time-dependent TEER values were converted to the ratio against each initial TEER value, resulting in 30 profiles that show time-dependent relative change of TEER after exposing each test chemical to HCE models. It was found that the profiles were classified into four typical patterns as shown in Figure 5 . The time-dependent relative change of TEER was almost nothing in first pattern as represented by glycerol, was gradually decreased with a time lag in second as represented by methyl pentyl ketone, was gradually decreased without the time lag and reaching a plateau level after 80 s of chemical exposure in third as represented by isopropyl alcohol, and was rapidly decreased without the time lag and reaching a plateau level after 60 s of chemical exposure in forth as represented by benzalkonium chloride (Fig. 5) .
A total of 30 test chemicals were scored for three indexes, time lag, intensity, and plateau level, and then each chemical was classified into "I" or "NI" according to the criteria as shown in Table 1 . The relevance between experimental data in vitro according to the three indexes and traditional classifications in vivo according to GHS categories and Draize score (ECETOC, 1998; Ohno et al., 1999) are shown in Table 2 . In the final judgment, the classification by this test method was in accord with GHS categories on 27 tested chemicals although three chemicals (methyl isobutyl ketone, methyl pentyl ketone, and toluene) were predicted as false-positives. Here, methyl isobutyl ketone and methyl pentyl ketone were classified into "I" by the all three indexes. Whereas, toluene was classified into "NI" by the index for plateau level and "I" by the two indexes for time lag and intensity. Further, the correlation characteristics between the classes estimated by the current test method and GHS classification are described in Table 3 . The sensitivity, specificity, and accuracy were 100, 75, and 90% in the final judgment, respectively.
Histology of HCE Models After Exposing Glycerol, Toluene, and n-Hexanol
The HCE models after exposing chemicals were well cryosectioned and histologically and immunohistologically stained as well as those without exposing chemicals. Healthy histology was maintained in HCE models after exposing glycerol or toluene; however, the outer layers were destroyed in the model after exposing n-hexanol (Figs. 6A, B, and C) . Meanwhile, ZO-1 expression was maintained in the model after exposing glycerol although it was disappeared in the models after   FIG. 4 . Time-dependent changes of barrier function in the reconstruction process of HCE models. The values of TEER for the HCE models reconstructed in CVM chambers were measured by a Millicell-ERS at 2 h and on day 2, 4, 5, and 6 after seeding the HCE-T cells. Each value represents the mean ± SD (n = 3).
FIG. 5.
Time-dependent profiles of TEER after exposing four different types of test chemicals to HCE models. Symbols circle, square, triangle, and diamond indicate glycerol, methyl pentyl ketone, isopropyl alcohol, and benzalkonium chloride, respectively. Every test chemical was applied as a 2.5% solution. Each value represents the mean ± SD (n = 3). The inserted table is a citation on the above four chemicals from exposing toluene or n-hexanol (Figs. 6D, E and F) . Also, no changes were histologically observed on the CVM after exposing any chemicals.
dISCUSSIon
In most previous test methods for predicting eye irritation, the general purpose endpoint was an index of eye injury in gross and microscopic observations or that of viable cells in biochemical examination after exposing chemicals to animal eyes in vivo, enucleated eyes ex vivo, or corneal models in vitro. However, such an endpoint is inappropriate for estimating the mild eye irritancy that does not always induce edema, nebulae in the cornea, congestion of the retina, or cell death. On the other hand, tight junction-related molecules that directly contribute to the barrier function especially in the outer layers of cornea are considered as valuable indicators for the early detection of any disorders caused by the exposure of chemicals (Meloni et al., 2010) . We noticed the barrier function-related TEER changes (Uematsu et al., 2007) and demonstrated that the time-dependent relative changes of TEER after exposing chemicals to a HCE model reconstructed on a CVM scaffold in a Millicell chamber with PET membrane are a useful indicator to assess even in ocular irritancy less than mild irritants (Takezawa et al., 2011b) . In this study, we aimed for establishing a new test method to extrapolate the widespread eye irritancy by briefly analyzing the time-dependent profile of TEER after exposing chemicals to a HCE model reconstructed in a CVM chamber that is also useful for immunohistological characterization using frozen sections.
In the current study, we succeeded in developing a short-term fabrication of a HCE model with about six cell layers equivalent to HCE in vivo by the three-dimensional culture for 6 days using a CVM chamber (Fig. 2) , whereas it took 9 days in the previous method using a CVM scaffold in a Millicell chamber with PET membrane (Takezawa et al., 2011b) . The data suggest that the penetrable area of the CVM scaffold increased by omitting PET membrane, and consequently the growth of HCE-T cells was promoted. Meanwhile, the present HCE model reconstructed in a CVM chamber without PET membrane was excellent for quick immunohistological analyses utilizing its frozen sections appropriate for preserving antigenic epitope. In immunohistology, the HCE models well reflected HCE in vivo in the expression patterns not only for cornea-specific cytokeratin 3 but also for other proteins including tight-junction related proteins, ZO-1 and occludin (Fig. 3) . Also, it was confirmed by the time-dependent change of TEER that the barrier function of the model was well developed (Fig. 4) . These data suggest that a three-dimensional air-liquid interface culture system induced the hierarchical architecture (i.e. differentiation) of HCE-T cells cultured on the CVM considered as playing a role of the Bowman's membrane in vivo. Here, we named the new HCE model fabricated by the above culture system as a "Vitrigel-HCE model." The advantages of "Vitrigel-HCE model" in comparison to other HCE models such as SkinEthic HCE model (Cotovio et al., 2010) and LabCyte CORNEA-MODEL (Katoh et al., 2012) are basically dependent on the following properties of a CVM: (1) Its cryosections involving the CVM as a scaffold are easily prepared, (2) various thicknesses of it are easily prepared (Takezawa et al., 2011a) , (3) the fabrication of crosstalk models between two different cell types via it is available (Takezawa et al., 2007b) , (4) the preservation and/or slow release of bioactive agents pre-embedded in it is available (Takezawa et al., 2007c) , and so on. These characteristics of it enable not only immunohistological analyses of Vitrigel-HCE model but also the fabrication of human cornea organoid that well resembles human cornea with collagen fibril layers in both Bowman's membrane and parenchyma in vivo in the near future.
Regarding the exposure experiment of test chemicals using the HCE model, our previous study utilizing four different chemicals suggested that the time-dependent relative changes of TEER after exposing chemicals might be a useful indicator to assess ocular irritancy even in the middle category (Takezawa et al., 2011b) . Therefore, in this study, we applied such a concept to 30 different chemicals and attempted to establish a novel EIT method by universalizing the interpretation of the time-dependent profiles of TEER values after exposing chemicals. Consequently, we demonstrated that the time-dependent profiles of TEER values after exposing 30 test chemicals to the HCE model were classified into four patterns; almost no change, gradual decrease with a time lag, gradual decrease without a time lag, and rapid decrease without a time lag (Fig. 5) . And, we found that the three parameters were important to define the criteria for classification of each chemical (Table 1) . Here, the three parameters are indexes representing time lag, intensity, and plateau level in the time-dependent profiles of TEER values. To classify 30 different chemicals, we calculated the scores for time lag, intensity, and plateau level from the time-dependent profiles of TEER values after exposing each chemical (Table 2) and subsequently decided the threshold for each index to induce a good correlation against the GHS category (Table 1 ). The Note. The numbers "18" and "12" of denominator described in "Ratio" represent the amount of test chemicals classified into "1, 2A and 2B" and "NC" by GHS classification, respectively.
classification determined by this test method was that the false negative was 0% for 18 chemicals and the false positive was 25% (i.e., 3 chemicals) for 12 chemicals (Table 3) . These data suggest a good correlation between the classes estimated by three indexes in this study and GHS classification. Here, absolutely healthy histology and ZO-1 expression were maintained in the HCE model after exposing glycerol that is a typical test chemical classified into "NI" by the all three indexes. By contrast, in the model after exposing n-hexanol that is a typical test chemical classified into "I" by the all three indexes, the outer layers were destroyed and ZO-1 expression had disappeared. Interestingly, in the model after exposing toluene that is classified into "NI" by the index for plateau level and "I" by the two indexes for Time lag and intensity, ZO-1 expression had almost disappeared although healthy histology was maintained (Fig. 6 ). In the above three false-positive chemicals, toluene is milder than the other two chemicals in the current test (Table 2) . That is to say, we demonstrated that toluene inherently possessed mild irritancy to destroy the barrier function although its GHS category is "NC." Regarding the above three false-positive chemicals, we recently obtained important preliminary data that the disruption of cell membrane-spanning mucin at the apical surface of the HCE model was immunohistologically confirmed (data not shown). Also, toluene and methyl pentyl ketone were classified as irritants in a recent EpiOcular eye irritation test (Pfannenbecker et al., 2013) . Therefore, we are currently considering that the chemicals should be treated as very mild irritancy although more detailed studies are required.
In this study, we succeeded in establishing a new test method to extrapolate the widespread eye irritancy by briefly analyzing the time-dependent profile of TEER after exposing chemicals to a HCE model reconstructed in a CVM chamber. Here, we named the new test method as a "Vitrigel-EIT method" that is an abbreviated designation for a "Vitrigel-eye irritancy test method using HCE-T cells." Especially, the main advantages of "Vitrigel-EIT method" are that insoluble test chemicals are acceptable compared with the STE test Takahashi et al., 2011) and that the assay is brief and easy compared with the EIT using SkinEthic HCE models (Cotovio et al., 2010) . Furthermore, the judgment of test chemicals using the TEER assay that is a basic technology of the "Vitrigel-EIT method" was well confirmed by the histological and immunohistological analyses of "Vitrigel-HCE model" after exposing the chemicals. We hope the judgment would be also confirmed by the molecular biological analyses using cell damage-related molecules such as occludin and IL-8 (Meloni et al., 2010) in near future. As a next step, we aim to establish the new criteria that accurately correspond to GHS classifications 1, 2, and NC by applying about 60 test chemicals to the "Vitrigel-EIT method." In the near future, we intend to clarify the advantage of the "Vitrigel-EIT method" that can discriminate the difference between mild irritancy and nonirritancy by examining more than 100 additional chemicals including mild irritants and nonirritants. We hope that such an effort leads to further validation of the "Vitrigel-EIT method."
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FIG. 6.
Histological analyses of the HCE models after exposing test chemicals. Cross-sections of the models after exposing glycerol (A, D), toluene (B, E), or n-hexanol (C, F) for 3 min were stained with hematoxylin and eosin (A-C). Also, they were imunohistologically stained using an anti ZO-1 antibody and subsequently counterstained with Hoechst 33342 (D-F). Scale bar represents 50 μm.
